The mechanistic understanding of drought-induced forest mortality hinges on improved models that incorporate the interactions between plant physiological responses and the spatiotemporal dynamics of water availability. We present a new framework integrating a three-dimensional groundwater model, Parallel Flow, with a physiologically sophisticated plant model, Terrestrial Regional Ecosystem Exchange Simulator. The integrated model, Parallel Flow-Terrestrial Regional Ecosystem Exchange Simulator, was demonstrated to quantify the susceptibility of riparian cottonwoods (Populus angustifolia, Populus deltoides, and native hybrids) in southwestern Canada to sustained atmospheric drought and variability in stream flow. The model reasonably captured the dynamics of soil moisture and evapotranspiration in both wet and dry years, including the resilience of cottonwoods despite their high vulnerability to xylem cavitation. Unrealistic predictions of mortality could be generated when ignoring lateral groundwater flow. Our results also illustrated a mechanistic linkage between streamflow and cottonwood health. In the absence of precipitation, normal streamflow could sustain 94% of cottonwoods, and higher streamflows would be required to sustain all of the floodplain cottonwoods. Further, the risk of mortality was mediated by plant hydraulic properties. These results underpin the importance of integrating groundwater processes and plant hydraulics in order to analyze the forest response to sustained severe drought, which could increase in the future due to climate change combined with increasing river water withdrawals.
Introduction
Rapidly changing environmental conditions have recently exposed vegetation to extreme drought and caused increased mortality in many ecosystems across the globe (Allen et al., 2015) . The impacts of drought on ecosystems can be diverse (Bond et al., 2008) , and it is challenging for ecosystem models to predict plant responses to drought (Powell et al., 2013) . This can be attributed in part to oversimplified representations of both plant responses to soil drying (Fisher et al., 2017; McDowell et al., 2013) and heterogeneous plant water supply across the landscape (J. S. Clark et al., 2016; Fang et al., 2017) .
Current models fail to predict plant response to drought (Hanson et al., 2004; Powell et al., 2013) , as they largely rely on simple stress functions with parameters empirically fitted to historic nondrought conditions (Sperry et al., 2016; Xu et al., 2013) . Relevant physiological mechanisms are needed for models to reliably predict plant responses to environmental change . Plant hydraulics has emerged as a key mechanism for understanding plant water relations (Sack et al., 2016; Venturas et al., 2017) , especially under extreme drought (Sperry & Love, 2015) . Plant hydraulics provides mechanistically grounded descriptions of water transport along the soil-plant-atmosphere continuum based on measurable plant and soil hydraulic properties (Jackson et al., 2000; Manzoni et al., 2013; Sperry & Love, 2015) . Incorporating plant hydraulics has been shown to improve predictions of tree response to drought stress across different species and across the landscape (W. R. Mackay et al., 2015; McDowell et al., 2013; Tai et al., 2017) . The success of these studies argues for incorporating plant hydraulics into regional models to gain insights on forest drought responses at the landscape scale (Jackson et al., 2000; Sperry et al., 2016 Sperry et al., ). et al., 2016 . In addition to precipitation infiltration from the top, soils can also be wetted from below or laterally through groundwater processes at local, landscape, and regional scales (Figure 1 ). At local scales, the water stored in deep soil can sustain plants through multimonth dry seasons after being recharged in the wet season (Miguez-Macho & Fan, 2012; Newman et al., 2006) . At landscape scales, groundwater redistributes along topographic gradients to form areas that are consistently wetter than others (Beven & Kirkby, 1979; Dingman, 1994; Fan, 2015; Western et al., 1999) . Those wetter areas recently have been shown to support greater productivity and tree growth across a broad range of climates (Swetnam et al., 2017; Thompson et al., 2011) . At regional scales, snowmelt from higher elevations supports streamflows and provides remote water sources for the development of riparian vegetation in the semiarid regions (Barnett et al., 2005; Dawson & Ehleringer, 1991) .
Groundwater operates across a range of spatial and temporal scales (Schaller & Fan, 2009; Toth, 1963) and can provide sources of plant water that are decoupled and/or asynchronous with the timing of precipitation (Fan, 2015) . The consequence of ignoring groundwater hydrology is therefore a failure to account for the different drought intensities experienced by trees within the same or similar climatic conditions, leading to underestimation of the spatial variability of drought impacts and vegetation survival at landscape scales (Fisher et al., 2017) . Given its potentially large storage and slow response to climate change (Taylor et al., 2013) , groundwater can be critical for mediating the impact of extreme drought on plants and for promoting ecological refugia and seed banks in topographically low areas or along river corridors (Fan, 2015; Krause et al., 2017) .
Riparian ecosystems are simultaneously influenced by groundwater processes from local to regional scales (Bergstrom et al., 2016; Cardenas, 2015;  Figure 1 ). Cottonwoods (Populus spp.) are a predominant species in riparian ecosystems throughout arid and semiarid regions of North America (Rood et al., 2013) . They are expected to be particularly susceptible to the anticipated future droughts given their high vulnerability to xylem cavitation (Tyree et al., 1994) and high sensitivity to declining streamflows (Rood et al., 2013; Scott et al., 1999) . Efforts to manage and maintain existing cottonwood forests require quantifying the interaction between their survival and groundwater dynamics (Amlin & Rood, 2003; Flanagan et al., 2017; Scott et al., 1999) . Here we present a framework that combines the most recent knowledge of plant hydraulics and variably saturated groundwater modeling to quantify the risk of drought-induced tree mortality across space and time. This integrated model includes much more complete physics-based representations than current approaches and is expected to be more robust when applied to novel environmental conditions (M. P. Clark et al., 2015) . By quantifying the mortality risk of a cottonwood ecosystem under different scenarios, we evaluated the following two hypotheses: (1) increasing plant water sources buffers ecosystem vulnerability to drought and (2) ecosystem vulnerability can be further mediated by plant hydraulic traits.
Materials and Methods

Integrated Modeling
An integrated model was developed by coupling a plant physiology model, Terrestrial Regional Ecosystem Exchange Simulator (TREES; Mackay et al., 2015) , to a variably saturated groundwater model, PARallel FLOW (ParFlow; . TREES has been used to successfully predict tree hydraulic stress and mortality (Johnson et al., 2018; Mackay et al., 2015; McDowell et al., 2013; Tai et al., 2017) . It solves plant transpiration and photosynthesis based on meteorological forcing of temperature, precipitation, photosynthetically active radiation, vapor pressure deficit, wind speed, atmospheric CO 2 concentration, and atmospheric pressure. Here TREES was redesigned around a parsimonious model based on plant hydraulics theory The x axis represents the cumulative plant water sources, with small-scale flow nested inside large-scale flow. The y axis represents the ecosystem level mortality risk. Here we simplified groundwater processes into three categories based on the spatial scales of water sources. At local scales, we refer to the vertical flow in the root zone or deeper soil. At landscape scales, we refer to the lateral flow driven by topographic gradients in the absent of long-distance regional flow. At regional scales, we refer to long-distance streamflow driven by large-scale climatologic and geologic factors, as well as stream management along its transportation. Furthermore, plant hydraulic strategies (shown by the differently colored curves) mediate the risk of mortality to a given water supply with drought vulnerable plants requiring a greater water supply to be buffered from drought stress.
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Water Resources Research to predict transpiration (Sperry & Love, 2015; Sperry et al., 2016) . This facilitated its integration with a distributed hydrological model, ParFlow, which solves both the surface and subsurface groundwater systems simultaneously. ParFlow is well documented and has also been coupled with the Community Land Model .
In the coupled ParFlow-TREES model, the coupling takes place through soil matric potential and the source/sink terms of evapotranspiration (ET) and infiltration from precipitation. The soil water scheme in the original TREES was replaced with ParFlow, which solves the profile of the soil water potential at each grid cell in the computation domain. TREES derives water uptake from each root layer and feeds this flux back to ParFlow to update the local soil water potential at every time step. The integrated model, ParFlow-TREES, captures the water movement within soils, and along the soil-plant-atmospheric continuum, following water potential gradients both in the lateral directions within the subsurface and vertically within the soil-plantatmosphere continuum (Figure 2 ). ParFlow-TREES can be driven by parameters that are spatially uniform or heterogeneous and takes advantage of parallel computation.
Complete details on the equations and parameters in TREES and ParFlow can be found in previous literature (Kollet & Maxwell, 2006 Mackay et al., 2015; Sperry & Love, 2015; Sperry et al., 2016) , and brief summary of the relevant equations is provided here. In the subsurface, ParFlow solves the mixed form of Richards' equation for variably saturated flow (Richards, 1931) in the three spatial dimensions following the notion in (Maxwell et al., 2015 )
where the flux term q (m/hr) is based on Darcy's law:
where h is the pressure head (m), z is the elevation (m), x is the index of grid cells in the domain, K s (x) is the saturated hydraulic conductivity tensor (m/hr), k r (h) is the relative permeability, Ss is the specific storage (m À1 ), φ is the porosity, S w (h) is the relative saturation, q r is a source/sink term (e.g., precipitation, ET; m/hr) with λ being the thickness of the surface layer (m), and θ is the local slope angle in the lateral directions. The van Genuchten relationships (Van Genuchten, 1980) are used to describe the relative saturation and permeability functions S w (h) and k r (h).
Overland flow is represented by the two-dimensional kinematic wave equation (Kollet & Maxwell, 2006) : ÀK
where v sw is the two-dimensional, depth-averaged surface-water velocity (m/hr) given by Manning's equation (Chow et al., 1988) ; max‖h, 0‖ indicates the greater of h and 0. This results in the kinematic wave equation being only active when the pressure at the top cell of the domain is greater than 0 (h > 0), and this ponded water is routed following pressure gradients (Kollet & Maxwell, 2006) .
The nonlinear, coupled equations of surface and subsurface flow are solved using a parallel Newton-Krylov approach (Jones & Woodward, 2001; Kollet & Maxwell, 2006; Maxwell, 2013) . ParFlow solves the variably saturated flow (i.e., saturated and unsaturated groundwater and surface water) in a single matrix based on hydrodynamic principles, without a priori specification of the types of flow in certain portion of the domain. While this yields a challenging computational problem, ParFlow takes advantage of a multigrid preconditioner (Ashby & Falgout, 1996) and parallel computation (Kollet et al., 2010) .
The source/sink term q r is expressed as
where I is the flux of water infiltrating at the land surface (m/hr), E is soil evaporation (m/hr), and T is transpiration (m/hr). E is calculated using the Penmann-Monteith equation, with the conductance term assumed to be proportional to soil water content using an analog for Darcy's law (Millar et al., 2017) . T is solved by the parsimonious plant hydraulics scheme in TREES, which predicts a steady-state relation between T and xylem pressure (P c ) at a given soil water potential (P s ; equation (4); Sperry et al., 2016) . The decline of hydraulic conductance (k) from its maximum (k max ) to more negative P is described using a two-parameter Weibull function, known as vulnerability curves (equation (5)), for xylem components (leaf, stem, and root) and a van Genuchten function (Van Genuchten, 1980) for the rhizosphere, which refers to the soil around each root through which water moves down a pressure gradient from the bulk soil.
Following the hydraulic model of Sperry and Love (Sperry & Love, 2015; Sperry et al., 2016) , stomata are assumed to regulate the pressure drop ΔP = P s À P c based on the fractional drop in whole plant-soil hydraulic conductance from its maximum (k/k max ):
where ΔP 0 is the unregulated pressure drop, given by the multiplication of vapor pressure deficit, D, and the maximum diffusive conductance parameter, G max . This regulated ΔP yields the regulated values for T. G max is alternatively coupled to the photosynthesis routine of TREES to capture the response of diffusive conductance to other factors such as light and temperature, given by
where A is photosynthetic carbon assimilated per unit leaf area based on a photosynthesis model (Farquhar et al., 1980) ; a = 1/1.6 is a molar conversion constant between water vapor and CO 2 conductance; c a and c i are molar fractions of CO 2 in the leaf surface and in the leaf intercellular air spaces, respectively. The minimum of G max and G 0 max is used at every time step. This plant hydraulics routine was implemented as a module in TREES, with the meteorological forcing and other parameters similar to the original TREES model (Mackay et al., 2015) . Major model parameters and values used in this study are listed in Table 1 .
Data and Model Setup
We examined the water status of a natural riparian cottonwood forest (Populus angustifolia, Populus deltoides, and native hybrids) along a 3-km river corridor within the Oldman River valley near Lethbridge, Alberta,
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Water Resources Research Canada (49.702°N, 112.863°W) . This is a semiarid prairie region with streamflows originating in the Rocky Mountain (Rood et al., 2013) . Observations of meteorological variables such as photosynthetically active radiation, precipitation, temperature, wind speed, vapor pressure deficit, streamflow, and leaf area index, ET, and total water in the top 2.50-m depth of soil were made during both wet (2014) and dry (2015) ParFlow-TREES was initiated with parameter values listed in Table 1 and the model domain shown in Figure 3 . Branch xylem vulnerability to cavitation was measured and was assumed to be the same for leaf, stem, and root segments. K max and G max were estimated from observed ET. Rooting depth near the study site was reported to be around 1.0 m (Rood et al., 2011) . ParFlow-TREES has the capacity of prescribing spatially heterogeneous parameters and those parameters were assigned to the extent that information was available. Land cover types were assigned based on a digital height model generated from airborne lidar data (Hopkinson et al., 2005 ) that differentiated among trees, soil, and stream. Tree-covered grid cells were simulated with plant hydraulics and soil evaporation, soil cells were simulated with only soil evaporation, and stream cells were simulated without ET. The average of ET and soil moisture from cells roughly falling within the footprint of the eddy covariance flux tower was used to compare against observations (Flanagan et al., 2017) . To simplify computation, a smoothed topography was imposed to distinguish cells representing the stream channel, riverbanks, and floodplains ( Figure 2b ). All cells had a slope of 0.01 m/km in the direction of the river flow. We focused on modeling the stream-floodplain interaction and assumed a negligible contribution from upslope drainage, as this ecosystem was mostly influenced by alluvial groundwater (Rood et al., 2013; Willms et al., 1998) . A temporally varying streamflow rate was prescribed at the upstream end (Figure 3a ) based on the closest gauge station (water ID station 05AD007, data archived by the Water 
Water Resources Research
Survey of Environment Canada), situated at the downstream edge of the study domain. Measured growing season meteorological forcing from 1 May to 3 September for a total of 125 days in both years was applied uniformly across the domain.
Numerical Experiments
ParFlow-TREES provided a framework where mechanisms were isolated and evaluated experimentally by manipulating model inputs. Here we focused on two hypotheses (Table 2) . First, we assessed if increasing plant water sources could buffer drought stress for the ecosystem by adjusting soil permeability parameterization and incoming streamflow (Table 2 and Figures 3c-3f) . RootZone, Vert_GW, 3D_GW, and 3D_GW_Stream represented progressively increasing water sources that plants can access. Using these configurations, we imposed an extreme drought that eliminated precipitation from the 2015 meteorological conditions and repeated for 10 growing seasons (May-September). The observed 2015 streamflow (average rate: 55 m 3 /s) was multiplied by different factors to create a wide range of flow regimes (Table 2) . We focused on growing seasons based on the strong association between groundwater and cottonwood growth during the growing season (Rood et al., 2013; Shepherd et al., 2010) . Although this ignored the potential replenishment of groundwater storage during winter and early spring, it represented an extreme scenario with carry-over effects of sustained drought between years. To characterize the risk of drought-induced mortality, we reported the average percentage loss of whole-plant hydraulic conductance (PLK) during the growing season for every year. We also reported the percentage of modeled tree cells across the landscape experiencing a PLK greater than 60% for each year, based on previous studies suggesting that 60% is a starting point, beyond which the probability of mortality increased dramatically (Adams et al., 2017; McDowell et al., 2013) . 
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To evaluate the second hypothesis, we repeated the first experiment, but with different sets of plant hydraulic traits including more vulnerable xylem and deeper rooting depth (Table 2) . We expect that a more vulnerable xylem would make the system more sensitive to drought and changes in water sources and a deeper rooting depth would make the system less sensitive. The impact of other factors, such as topography, substrate texture and permeability, and vegetation distribution, has been previously reported (Atchley & Maxwell, 2011; Rihani et al., 2010) . Although not exhaustive, these numerical experiments provide some insights about the system and address the following questions: (1) How do different groundwater processes buffer plant water stress during drought? (2) What magnitudes of streamflow sustain current cottonwood forests during drought? (3) How do different water sources and plant hydraulic traits interact to influence forest sensitivity to drought-induced mortality?
Results
Model Evaluation in the Wet and Dry Years
Parflow-TREES with the 3D_GW_Stream scenario reasonably captured the dynamics of ET and soil water both in the wet (2014) and dry (2015) years (Figure 4 ). In 2014, soil water was recharged by high streamflow in the early growing season, whereas in 2015 soil water declined monotonically. In spite of the much lower precipitation in year 2015, the total ET was roughly comparable in both years.
Sensitivity to Multiyear Extreme Drought
As drought progressed over time, PLK increased and the seasonal total ET decreased ( Figure 5 ). But different sensitivities were predicted when considering alternative plant water sources. When solely relying on water stored in the root zone ( Figure 5 , RootZone, red lines), trees experienced a mean PLK of 50% in the first year and over 90% in subsequent years. Groundwater subsidy provided a buffer against drought stress, but 
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Water Resources Research differences could be observed between the predictions of Vert_GW and 3D_GW ( Figure 5 , green versus black lines). The Vert_GW setup that only considered the vertical flow predicted lower PLK in the first 3 years and higher PLK in subsequent years.
Assuming that tree mortality occurred when the associated PLK exceeded 60%, the RootZone setup predicted that all trees would likely have died by the second year of drought. The Vert_GW setup predicted no mortality within the first 3 years of drought and 100% mortality after the fourth year (Figure 5a , red and green dots). By contrast, the 3D_GW predicted mortality to progress gradually over time (Figure 5a , black dots), starting with trees located furthest from the stream channel ( Figure 6 ).
Without streamflow, groundwater flow was mostly governed by topographic gradients from high to low elevation. Trees located at higher topographic positions lost water to trees at lower positions, experienced a deeper water table, and had higher PLK even during the first 3 years of drought ( Figure 7 ). As drought sustained, more trees became stressed with increasing PLK. But a small fraction of trees at lower elevation near the stream channel remained buffered from drought stress. Without lateral water redistribution, the Vert_GW model setup predicted little spatial variations in PLK and all trees were dead by the fifth year of drought ( Figure 5 ).
Drought Stress Mediated by Streamflow
In the absence of precipitation, higher streamflow raised the water table and reduced the mean values of PLK (Figure 8 ), as groundwater predominately flowed from stream into the floodplain following the hydraulic gradients. But some trees located away from the stream still experienced a PLK greater than 60% (Figures 8 and 9 ). The simulations suggested that 6% cottonwoods could be threatened if the streamflow was to be maintained at the dry year level (multiplier = 1). If the streamflow was doubled (multiplier = 2), then all trees were buffered from water stress even if there was no precipitation. 
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Integrated Effects of Relevant Processes in Predicting Sensitivity to Drought
The two-way lateral redistribution of groundwater from topographic high to low and from the stream into the floodplain zone was shown to buffer cottonwood against sustained severe drought (Figure 10 , orange lines). This mediating influence was negligible if the drought was limited to a single growing season when the alluvial aquifer storage was still high (Figure 10 , light blue line). As expected, plant hydraulic traits mediated the sensitivity to water sources (Figure 10 , different symbols). Given the same water supply, cottonwoods with vulnerable xylem were at greater risk of mortality, and growing deeper roots reduced the risk of mortality.
Discussion
Model Evaluation in the Wet and Dry Years
The much lower precipitation in the dry year 2015 had little impact on ET (Figure 4 ), indicating that plants were taking water from sources other than precipitation. This has been attributed to the large storage capacity of the floodplain substrate (Flanagan et al., 2017) and the relatively shallow water table sustained by streamflow (Rood et al., 2013; Scott et al., 1999) . Storage could effectively buffer cottonwoods against isolated dry years, although reduced growth has been reported when the drought was severe (Schook et al., 2016) .
Sensitivity to Multiyear Extreme Drought
In spite of the extremely dry conditions and the highly vulnerable xylem of cottonwood (Tyree et al., 1994) , 3D_GW predicted a gradual increase of mortality risk over time (Figures 5 and 6 ). The predicted pattern fell within the realm of previously documented cottonwood declines at other sites suggesting that mature cottonwoods were resilient (Andersen, 2016; Braatne et al., 2007) , and that cottonwood decline was gradual, spanning several years to decades (Rood et al., , 1995 . Trees located lower in elevation received subsidy at the expense of sacrificing trees at higher positions (Figure 7) , similar to the study at a headwater catchment (Shen et al., 2013) . The fraction of trees receiving subsidy became smaller over time (Figure 6 ), resulting in a pattern of narrowing forest bands on the floodplain that has been reported (Cordes et al., 1997; Rood et al., 2003) . High PLK was predicted when the water table fell beyond a depth of 3 m (Figure 7 ). This agreed with the previous findings that cottonwoods were generally restricted to streamside bands where depth to the water table was no greater than 3.5 m (Busch et al., 1992; Horton et al., 2001; Scott et al., 1999) , although cottonwoods can survive at places where the water table is much deeper (Zimmermann, 1969) . 
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RootZone and Vert_GW predicted a step change from zero to total mortality across the landscape ( Figure 5 ), which is probably unrealistic (Fisher et al., 2017) . In particular, the Vert_GW configuration mimics the effects of a routine that has been widely adopted in current land surface models (M. P. Clark et al., 2015; Fan, 2015) . But our results demonstrated that it might underpredict the mortality risk of trees at higher positions early in the drought and overpredict the mortality risk of trees at lower positions late in the drought. Consequently, this representation of plant water supply could be insufficient for predicting tree survival/mortality at landscape scales.
Drought Stress Mediated by Streamflow
Incorporating streamflow (Figures 8 and 9 ) demonstrated the hydrologic linkage between riparian cottonwoods and stream discharge in semiarid regions where local precipitation is insufficient to support trees (Rood et al., 2013) . The spatial average PLK dropped from 73% to less than 20% when streamflow increased 
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Water Resources Research from 0% to 10% of the magnitude in year 2015 (Figure 9b ). This is likely to be related to the high transmissivity of riparian substrates characterized by gravels so that water can quickly move into the floodplain (Amlin & Rood, 2003) . Notably, higher streamflow was required to replenish places that were distant from the stream (Friedman & Lee, 2002; Leblanc et al., 2012) and to sustain trees growing in these positions with elevatioñ 1 m higher than the riverside trees (Figures 8b and 9d ).
Future drought in the headwater catchments could result in thin snowpack and have a profound influence on the health of downstream riparian forests (Braatne et al., 2007; Rood et al., 1995) , especially if it coincides with a reduction in local precipitation. The impact of drought would be enhanced by increased demands for river water diversion (Dijk et al., 2013) . In turn, riparian ecosystems could be more vulnerable if there was not sufficient streamflow to compensate for reduced precipitation and to recharge the local alluvial groundwater.
Integrated Effects of Relevant Processes in Predicting Sensitivity to Drought
The dependency of tree health on groundwater sources diminished when the drought was short and the storage was high ( Figure 10 , light blue line). Similarly, the reliance of cottonwoods on streamflow could also be dampened when there is sufficient water supply from local precipitation (Busch et al., 1992; Scott et al., 1999; Snyder & Williams, 2000) . Our results have implications for different conceptualizations of plant water sources: They can give similar predictions under wet conditions but dramatically different answers during sustained extreme drought. Given the anticipated future with more extreme, longer-term or frequent drought and prolonged low streamflow conditions (Mishra et al., 2010; Sheffield & Wood, 2008) , integrating all relevant processes therefore has the potential of being more robust compared to the simpler representations in current models for quantifying the risk of drought-induced forest mortality.
Consistent with studies showing different tolerances to low water potentials across cottonwood genotypes (Kranjcec et al., 1998; Tyree et al., 1994) , ParFlow-TREES predicted higher PLK for trees with a more vulnerable xylem under the same hydro-climatic conditions (Figure 10 ). Trees with deeper roots had greater access to soil water storage (Johnson et al., 2018) and lower reliance on high streamflow (Figure 10 ). These results reinforce the growing evidence from both field and modeling studies that accurate evaluation of forest vulnerability to future drought hinges on the integration of plant hydraulic properties with hydrological processes (Jackson et al., 2000; Tai et al., 2017) .
Methodological Limitations
Our numerical experiments evaluating the mortality risk of a riparian cottonwood forest serve as a useful illustration of groundwater controls over plant responses to drought. As with any modeling effort, results come with a number of limitations.
First, we focused on the magnitude of streamflow and mature cottonwood trees. Extreme flooding events and variations in streamflow seasonality have been recognized as important processes for cottonwood recruitment and seedling establishment (Braatne et al., 2007; Harner & Stanford, 2003; Lytle & Merritt, 2004; Rood et al., 2008; Scott et al., 1997) . Furthermore, we used a threshold of 60% seasonal average PLK to report the risk of cottonwood mortality based on the previous studies (Adams et al., 2017; McDowell et al., 2013) . But a different value might be needed depending on the various symptoms of decline (e.g., branch sacrifice, reduced sexual and vegetative reproduction, and slower growth; Rood et al., 2000; Scott et al., 1999) , as well as plant traits such as the ability to recover from embolism (Adams et al., 2017; McDowell et al., 2013) . Those aspects, although beyond the scope of the current study, should be incorporated to improve predicting the flow requirement for cottonwood restoration.
Second, the model domain was confined to the river and riparian floodplain. Although the study site was primarily influenced by alluvial groundwater (Rood et al., 2013; Willms et al., 1998) , upslope drainage might contribute significant amount of water for plants developing along some rivers (Winter, 1998) . Similarly, different cross-section geometries of the model domain might cause a different distribution pattern of water supply.
Third, we assumed no flux boundary conditions that only allowed water to leave the domain as overland flow through the stream channel (Schaller & Fan, 2009 ) and eliminated potential water exchanges with the deeper, regional-scale groundwater. Although the same boundary condition was applied to all model simulations and should not affect the relative importance of alternate water sources in mediating drought
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Water Resources Research impact, it resulted in the model prediction of cottonwood survival after 10 years of no precipitation and no streamflow (Figure 6d ), which was less likely to happen in the real world.
Lastly, although ParFlow-TREES has the capacity to use spatially variable input of hydrologic and plant physiological parameters, they were assumed to be uniform in this study due to the lack of spatial information. But heterogeneity in hydraulic conductivity and geomorphic structures in particular has been shown to be important for characterizing the river-aquifer (i.e., hyporheic) exchange (Cardenas, 2015; Frei et al., 2009 ). Furthermore, plants are likely to adapt to local habitat by altering their physiological or morphological traits (L. D. Anderegg & HilleRisLambers, 2015; Bréda et al., 2006; Hacke et al., 2000) over time and/or across space. Improved characterization of the variability in subsurface properties, traits of different individual trees, and different tissues within the same tree will be important to accurately quantify ecosystem sensitivity to future hydroclimatic conditions. Ongoing efforts at Critical Zone Observatories and global plant trait databases might appear to offer promising means for getting such information for subsurface (Billings, 2015; Fan, 2015) and plant trait plasticity (Fan et al., 2017; Kattge et al., 2011) .
Conclusions
We presented ParFlow-TREES, an integrated model that combined recent developments in plant hydraulics and groundwater hydrology, to mechanistically quantify the heterogeneous forest response to drought at the landscape scale. Model experiments with a cottonwood riparian forest demonstrated the interplay between groundwater processes and plant hydraulics in mediating the risk of mortality under sustained drought conditions. ParFlow-TREES also illustrated a mechanistic link between regional-scale streamflow and the ecological consequences of tree survival at the landscape scale. Quantifying their interaction will be informative for management practices targeting the resilience and/or restoration of riparian ecosystems. 
